The current perception of evolutionary relationships and the natural diversity of ammonia-oxidizing bacteria (AOB) is mainly based on comparative sequence analyses of their genes encoding the 16S rRNA and the active site polypeptide of the ammonia monooxygenase (AmoA). However, only partial 16S rRNA sequences are available for many AOB species and most AOB have not yet been analyzed on the amoA level. In this study, the 16S rDNA sequence data of 10 Nitrosomonas species and Nitrosococcus mobilis were completed. Furthermore, previously unavailable 16S rRNA sequences were determined for three Nitrosomonas sp. isolates and for the gamma-subclass proteobacterium Nitrosococcus halophilus. These data were used to revaluate the specificities of published oligonucleotide primers and probes for AOB. In addition, partial amoA sequences of 17 AOB, including the above-mentioned 15 AOB, were obtained. Comparative phylogenetic analyses suggested similar but not identical evolutionary relationships of AOB by using 16S rRNA and AmoA as marker molecules, respectively. The presented 16S rRNA and amoA and AmoA sequence data from all recognized AOB species significantly extend the currently used molecular classification schemes for AOB and now provide a more robust phylogenetic framework for molecular diversity inventories of AOB. For 16S rRNA-independent evaluation of AOB species-level diversity in environmental samples, amoA and AmoA sequence similarity threshold values were determined which can be used to tentatively identify novel species based on cloned amoA sequences. Subsequently, 122 amoA sequences were obtained from 11 nitrifying wastewater treatment plants. Phylogenetic analyses of the molecular isolates showed that in all but two plants only nitrosomonads could be detected. Although several of the obtained amoA sequences were only relatively distantly related to known AOB, none of these sequences unequivocally suggested the existence of previously unrecognized species in the wastewater treatment environments examined.
Chemolithoautotrophic ammonia-oxidizing bacteria (AOB) play a central role in the natural cycling of nitrogen by aerobically transforming ammonia to nitrite. From an anthropocentric point of view, the activity of AOB is considered to be both detrimental and beneficial. AOB oxidize urea and ammonia fertilizers to nitrite and, in conjunction with nitrite oxidizers which subsequently convert nitrite to nitrate, thus contribute to fertilizer loss from agricultural soils by producing compounds which are easily washed out or used as electron acceptors for denitrification (42) . The former process is also responsible for significant pollution of water supplies with nitrite and nitrate. Furthermore, AOB can produce greenhouse gases (8, 74) and corrode, because of the produced acid, stonework and concrete (46) . On the other hand, AOB activity is encouraged in wastewater treatment plants to reduce the ammonia content of sewage before discharge into the receiving waters (49) . Reduction of ammonia releases into aquatic environments reduces the risk of local oxygen depletion, helps to prevent eutrophication (15) , and protects aquatic life (6) .
After the first reports on successful isolation of chemolithoautotrophic ammonia oxidizers at the end of the 19th century (14, 88) , researchers have continued to investigate the diversity of AOB in natural and engineered environments by applying enrichment and isolation techniques. These efforts resulted in the description of 16 AOB species (27, 30, 32, 34, 84) . Furthermore, DNA-DNA hybridization studies provided evidence for the existence of at least 15 additional species (30, 31, 67) . However, low maximum growth rates and growth yields of AOB render cultivation-based analysis of their environmental diversity extremely time-consuming and tedious. Furthermore, all culture techniques are potentially selective and thus bear the risk of incomplete coverage of the actually existing bacterial diversity (5, 28, 79) .
Comparative 16S rRNA sequence analyses of cultured AOB revealed that members of this physiological group are confined to two monophyletic lineages within the Proteobacteria. Nitrosococcus oceani (75, 84) is affiliated with the gamma-subclass of the class Proteobacteria, while members of the genera Nitrosomonas (including Nitrosococcus mobilis), Nitrosospira, Nitrosolobus, and Nitrosovibrio form a closely related grouping within the beta-subclass of Proteobacteria (17, 52, 67, 73, 76, 92) . It has been suggested (17) and subsequently questioned (73) that the latter three genera should be reclassified in the single genus Nitrosospira.
The availability of 16S rRNA sequences also provided a basis for the development of cultivation-independent methods to investigate the diversity and community composition of these microorganisms in complex environments. PCR-mediated preferential amplification of AOB 16S rDNA and subsequent cloning and sequencing have been extensively applied to create phylogenetic inventories of various environments (7, 35, 37, 38, 44, 47, 50, 65, 87) , which led to the recognition of seven 16S rRNA beta-subclass AOB sequence clusters. Recently, the battery of molecular tools to infer the presence of AOB in the environment has been supplemented by PCR primers for specific amplification of the ammonia monooxygenase structural gene amoA (22, 47, 56, 64) . While environmental 16S rDNA and amoA libraries significantly extended our knowledge on the natural diversity of AOB, biases introduced by DNA extraction, PCR amplification, and cloning methods (10, 12, 51, 54, 71, 72, 90) blur quantitative information on the community composition. Furthermore, due to long-term stability of extracellular DNA and frequent passive dispersal of microbial cells over long distances, the detection of DNA from a certain AOB is inadequate to prove that this organism is part of the autochthonous microbial community. In contrast to PCR-based methods, quantitative information on AOB population structure and dynamics in the environment is obtainable via membrane or in situ hybridization techniques in combination with AOBspecific oligonucleotide probes (28, 40, 48, 61, 62, 80, 81) . The latter approach also allows one to directly relate community structure with the morphology and spatial distribution of the detected organisms.
The application of molecular tools already provided exciting new insights into the diversity and community composition of AOB in various environments. However, incomplete coverage of cultured AOB in the current 16S rRNA and amoA data sets hampers the design and evaluation of specific primers and probes and renders it impossible to decide whether a novel environmentally retrieved 16S rRNA or amoA sequence represents a previously not cultured AOB or is identical to an already isolated AOB which is not yet included in the respective database. One goal of the present study was to complete the 16S rDNA and amoA sequence databases in regard to described AOB species. A thorough phylogenetic analysis including all available 16S rRNA and amoA sequences of AOB was conducted in order to establish robust phylogenetic frameworks for molecular surveys of the natural diversity of AOB. Furthermore, the specificity of all published AOB-specific 16S rRNA and amoA-targeting primers was reevaluated. These analyses helped to resolve several inconsistent results in the literature. Subsequently, the diversity of AOB occurring in wastewater treatment plants was analyzed by assigning more than 100 cloned amoA sequences from 11 nitrifying treatment plants to the established amoA framework.
MATERIALS AND METHODS
Pure cultures of AOB and sampled wastewater treatment plants. Table 1 summarizes the AOB investigated in this study. AOB were cultured using the (30) . Nitrosococcus sp. strains Nm 104 and Nm 107 were isolated from the industrial wastewater treatment plant Kraftisried by using the enrichment and isolation procedures (with 10 to 100 mM NH 4 Cl and 10 to 200 mM NaCl) described by Juretschko et al. (28) . Samples of 11 different wastewater treatment plants were collected between 1997 and 1999 (Table 2) . DNA extraction. AOB were harvested from 10 liters of exponentially growing cultures by continuous-flow centrifugation (20,000 ϫ g, 400 ml min
Ϫ1
). Activated-sludge samples (2 ml each) were pelleted by centrifugation (5 min, 10,000 ϫ g). Biofilm samples were detached from their substratum by swirling in a suitable volume of DNA extraction buffer (see below). After removal of the substratum, biofilm material was harvested by centrifugation (5 min, 10,000 ϫ g). Total genomic DNA was extracted according to the following protocol. A 0.25-g (wet weight) pellet of each sample was resuspended in a 2-ml polypropylene tube with a screw top with 625 l of DNA extraction buffer (100 mM Tris-HCl [pH 8 ) was added and the mixture was incubated again for 30 min at 37°C. After addition of 75 l of 20% sodium dodecyl sulfate and incubation at 65°C for 2 h, cell lysis was completed by addition of 600 l of a mixture of phenol-chloroform-isoamyl alcohol (25:24:1) and 20 min of incubation at 65°C. After vortexing, the mixture was centrifuged for 10 min at 10,000 ϫ g at room temperature. The aqueous phase was carefully transferred to a fresh tube, mixed with 1 volume of chloroform-isoamyl alcohol (24:1), and centrifuged for another 10 min at 10,000 ϫ g. The aqueous phase was transferred to a fresh tube, and nucleic acids were precipitated by incubation with 0.6 volumes of isopropanol for 1 h at room temperature and subsequent centrifugation for 20 min at 10,000 ϫ g. Pellets were washed with 1 ml of 70% ethanol, dried, and finally resuspended in 30 to 50 l of elution buffer (10 mM Tris-HCl [pH 8.5]). The amount and purity of DNA were determined spectrophotometrically by determining the optical densities at 260 and 280 nm (58) .
PCR amplification of the 16S rDNA. Almost-complete 16S rDNA gene fragments (1,461 to 1,502 bp after deletion of the primer sequences) were amplified from pure cultures of AOB by using the 616V-630R primer pair as described previously (28) . Positive controls containing purified DNA from Escherichia coli were included in all of the amplification sets along with negative controls (no DNA added). The presence and sizes of the amplification products were determined by agarose (1%) gel electrophoresis of the reaction product. Ethidium bromide stained bands were digitally recorded with a video documentation system (Cybertech, Hamburg, Germany).
PCR amplification of the amoA gene fragment. For AOB of the beta-subclass of Proteobacteria, a 453-bp fragment (without primers) of the amoA gene was amplified from 100 ng of DNA by using the primers amoA-1F and amoA-2R (targeting positions 332 to 349 and 802 to 822 of the Nitrosomonas europaea amoA gene [56] ) for PCR with a capillary cycler (Idaho Technology). A 507-bp amoA-amoB fragment was amplified from Nitrosococcus halophilus by using the newly designed primers amoA-3F (5Ј-GGT GAG TGG GYT AAC MG-3Ј, positions 295 to 310 of the amoA gene of Nitrosomonas europaea [45] ) and amoB-4R (5Ј-GCT AGC CAC TTT CTG G-3Ј, positions 30 to 44 of the amoB gene of Nitrosococcus oceani C-107 [4] ), which are complementary to target regions in the amoA and amoB genes of Nitrosococcus oceani and Nitrosococcus sp. strain C-113 [4] ). Reaction mixtures containing 15 pM concentrations of each primer were prepared in accordance with the manufacturer's recommendations in a total volume of 50 l by using 20 mM MgCl 2 reaction buffer and 1.5 U of Taq polymerase (Promega, Madison, Wis.). Thermal cycling was carried out by an initial denaturation step at 94°C for 30 s, followed by 30 cycles of denaturation at 94°C for 15 s, annealing at 55 or 48°C (amoA-1F and amoA-2R at 55°C and amoA-3F and amoB-4R at 48°C) for 20 s, and elongation at 72°C for 40 s. Cycling was completed by a final elongation step at 72°C for 1 min.
Positive controls containing purified DNA from Nitrosomonas europaea Nm50 were included in all of the amplification sets along with negative controls (no DNA added). Examination of the amplification products was performed as described above.
Cloning, sequencing, and phylogeny inference. amoA PCR products were ligated according to the manufacturer's recommendations into the cloning vector pCR2.1 supplied with the TOPO TA cloning kit (Invitrogen Corp., San Diego, Calif.). Nucleotide sequences were determined for both strands by the dideoxynucleotide method (59) by cycle sequencing of purified plasmid preparations (Qiagen, Hilden, Germany) with a Thermo Sequenase Cycle sequencing kit (Amersham, Little Chalfont, Buckinghamshire, United Kingdom) and an infrared automated DNA sequencer (Li-Cor, Inc., Lincoln, Nebr.) under conditions recommended by the manufacturers. Dye-labeled (IRD 800) M13-targeted sequencing primers were used. 16S rDNA PCR amplificates (approximately 80 to 100 ng) obtained from AOB pure cultures were sequenced directly using primers targeting conserved regions. The new 16S rRNA sequences were added to an alignment of about 18,000 homologous primary structures from bacteria using The lowest sequence similarity within a cluster is in bold.
the alignment tool of the ARB program package (O. Strunk and W. Ludwig, http://www.biol.chemie.tu-muenchen.de/pub/ARB). Alignments were refined by visual inspection. Phylogenetic analyses were performed by applying distancematrix, maximum-parsimony, and maximum-likelihood methods using the respective tools of the ARB and PHYLIP (Phylogeny Inference Package, version 3.57c; J. Felsenstein, Department of Genetics, University of Washington, Seattle) program packages and the fastDNAml program (39) . The composition of the data sets varied with respect to the reference sequences and the alignment positions included. Variabilities of the individual alignment positions were determined using the ARB package and were used as criteria for removing or including variable positions for phylogenetic analyses.
The new amoA sequences were added to an ARB amoA sequence database which contains all publicly available amoA sequences. Deduced amino acid sequences were aligned using the editor GDE 2.2 (S. W. Smith, C. Wang, P. M. Gillevet, and W. Gilbert, Genetic Data Environment and the Harvard Genome Database, Genome Mapping and Sequencing, Cold Spring Harbor Laboratory) implemented in the ARB software package. Nucleic acid sequences were aligned according to the amino acid alignment. To construct phylogenetic trees based on amino acid alignments, protein distances were inferred by using a maximumlikelihood method implemented in the PROTDIST program, with the Dayhoff PAM 001 matrix as the amino acid replacement model. Trees were inferred from the distances by using FITCH with global rearrangements and randomized input order of species (PHYLIP, version 3.57c). In addition, protein maximum-likelihood (using the JTT-f amino acid replacement model, computer science monographs, no. 28, MOLPHY version 2.3; programs for molecular phylogenetics based on maximum likelihood, Institute of Statistics and Mathematics, Tokyo, Japan), protein parsimony (PHYLIP, version 3.57c), and neighbor-joining methods (using the Dayhoff PAM 001 matrix as amino acid replacement model and the respective tool in the ARB program package) were applied. To perform amoA phylogenetic analysis on the nucleotide level, filters were constructed which allowed exclusion of the third codon position for phylogenetic analysis. Nucleotide-level phylogenetic analyses were performed by applying distancematrix, maximum-parsimony, and maximum-likelihood methods using the tools described above. Bootstrap analysis for protein-level (AmoA) and nucleotide-level (amoA, 16S rRNA) phylogenetic analyses were performed for parsimony using the tool in the Phylogeny Inference Package PHYLIP (version 3.57c. Department of Genetics, University of Washington). For each calculation, 100 bootstrap resamplings were analyzed.
The terms nucleic acid similarity and amino acid similarity are used instead of nucleic acid identity and amino acid identity to indicate that, especially at variable positions, "false" identities (plesiomorphies) may result from multiple base changes during the course of evolution (41) . It should be noted that the term amino acid similarity does not refer to chemical similarities in this context.
Nucleotide sequence accession numbers. The sequences determined in this study are available in GenBank under accession no. AF272398 to AF272412 and AF272521 (amoA and AmoA sequences of reference strains); AF272426 to AF272520 and AF276464 to AF276499 (amoA and AmoA sequences of environmental clones); and AF272413 to AF272425, AF287297, and AF287298 (16S rDNA of reference strains). The amoA and AmoA sequences of Nitrosomonas halophila (AF272389) and Nitrosomonas nitrosa (AF272404) are identical with those recently published by Horz et al. (24) (17) were corrected. In addition, we deter-FIG. 1. Phylogenetic 16S rRNA tree reflecting the relationships of AOB and several non-AOB reference organisms. The tree is based on results of neighbor-joining analysis using a 50% conservation filter for the Bacteria. An encompassing collection of organisms representing all major lineages of the Archaea and Bacteria were used as outgroups for treeing. The multifurcation connects branches for which a relative order could not be unambiguously determined by applying different treeing methods. Parsimony bootstrap values (100 replicates) for branches are reported. Missing bootstrap values indicate that the branch in question was not recovered in the majority of bootstrap replicates by the parsimony method. The bar indicates 10% estimated sequence divergence. MOB, methane-oxidizing bacteria.
mined almost-full-length 16S rDNA sequences (1,461 to 1,502 nucleotides) for Nitrosococcus halophilus (34) , Nitrosomonas sp. strain Nm51 (30, 85) , and two AOB strains (Nm104, Nm107) isolated in this study from the industrial wastewater treatment plant Kraftisried.
The 16S rDNA of Nitrosococcus halophilus showed the highest sequence similarity (95.6 and 95.7%) to the 16S rRNAs of the gamma-subclass AOB Nitrosococcus oceani strains C-107 T (17, 91) and C-27 (17), respectively. These results confirm that Nitrosococcus halophilus should be considered a separate AOB species (34) . The 16S rDNA sequences of all other AOB investigated were most similar to AOB sequences of the betasubclass of Proteobacteria (Table 3) . Phylogenetic trees for the 16S rDNA of AOB were estimated for data sets differing in regard to selection of outgroup organisms and number of variable positions included by distance, parsimony, and maximumlikelihood methods. Independent of the data set and method used, Nitrosococcus halophilus formed a monophyletic lineage together with Nitrosococcus oceani (strains C-107 T and C-27) and Nitrosococcus sp. strain C-113 (4) within the gamma-subclass Proteobacteria while the other AOB analyzed formed a monophyletic grouping with the beta-subclass AOB (Fig. 1) . Within the beta-subclass AOB, five stable clusters were revealed using the different treeing methods (Fig. 1) . This clustering was also supported by high parsimony bootstrap values (92 to 100%). The nomenclature of the clusters was adopted from a study by Pommerening-Röser et al. (52) . The first cluster comprised Nitrosomonas marina, Nitrosomonas aestuarii, together with two strains of a third species (30) , Nitrosomonas sp. strain Nm63, and Nitrosomonas sp. strain Nm51 (Nitrosomonas marina cluster). The second cluster encompassed Nitrosomonas ureae and Nitrosomonas oligotropha (Nitrosomonas oligotropha cluster). Most but not all treeing analyses suggested that these two clusters formed a grouping to the exclusion of all other sequences. The third cluster was represented by Nitrosomonas europaea, Nitrosomonas eutropha, Nitrosomonas halophila, Nitrosococcus mobilis, and the isolates Nm104 and Nm107, which are most probably strains of Nitrosococcus mobilis (Nitrosomonas europaea-Nitrosococcus mobilis cluster). The fourth cluster allied Nitrosomonas nitrosa, Nitrosomonas communis, Nitrosomonas sp. strain Nm33, and Nitrosomonas sp. strain Nm41 (Nitrosomonas communis cluster). The fifth cluster contained all published Nitrosospira-like 16S rDNA sequences (Nitrosospira cluster). The phylogenetic position of Nitrosomonas cryotolerans and the specific branching order of the above-mentioned clusters varied dependently on the data set and treeing method used and could thus not unambiguously be resolved. In contrast to previous studies (17, 52, 73) , phylogeny inference based on the more complete data set did not support that all nitrosomonads are more closely related with each other than with members of the Nitrosospira lineage (Fig.  1) .
AOB phylogeny inferred from amoA. Partial (453 bp) amoA sequences were determined for Nitrosococcus mobilis Nc2, Nitrosococcus mobilis Nm93 (28), Nitrosomonas halophila, Nitrosomonas communis, Nitrosomonas ureae, Nitrosomonas marina, Nitrosomonas aestuarii, Nitrosomonas oligotropha, Nitrosomonas cryotolerans, Nitrosomonas nitrosa, Nitrosomonas europaea Nm103 (28), Nitrosomonas sp. strain Nm33, Nitrosomonas sp. strain Nm41, Nitrosomonas sp. strain Nm51, isolate Nm104, and isolate Nm107 after PCR amplification using the primers described by Rotthauwe et al. (56) . Since these primers did not amplify an amoA fragment of Nitrosococcus halophilus, we exploited the complete amoA and amoB sequence of its closest known relative, Nitrosococcus oceani (4), for the design of the new PCR primer pair amoA-F3 and a Nucleic acid similarities include the third codon position; the lowest sequence similarity within a cluster is bold. amoB-R4. These primers were successfully used to amplify the expected amoA and amoB fragment from Nitrosococcus halophilus. In accordance with the 16S rDNA phylogeny, nucleic acid similarities and amino acid similarities were highest between Nitrosococcus halophilus and Nitrosococcus oceani C-107 (77.8 and 82.5%) and Nitrosococcus sp. strain C-113 (77.6 and 81.0%). The amoA and AmoA sequences of the other AOB investigated showed highest sequence similarities and similarities to beta-subclass AOB (Table 4) .
Phylogenetic trees for amoA and AmoA were calculated from the nucleotide and amino acid data sets by distance, parsimony, and maximum-likelihood methods. Overall, highly similar orderings of taxa were found between amoA and AmoA and the 16S rRNA trees described above. For all methods with both DNA (with and without the third codon position) and amino acid amoA and AmoA data sets, Nitrosococcus halophilus grouped together with Nitrosococcus oceani and Nitrosococcus sp. strain C-113 (Fig. 2) . The amoA and AmoA sequences of the other AOB investigated clustered together with the beta-subclass AOB Nitrosomonas europaea, Nitrosomonas eutropha, and the members of the Nitrosospira cluster. Three of the five beta-subclass AOB clusters revealed by comparative 16S rRNA analysis were also found in all or most of the amoA and AmoA trees (Fig. 2) . The monophyly of the Nitrosospira cluster, the Nitrosomonas marina cluster, and the Nitrosomonas europaea-Nitrococcus mobilis cluster was supported by all methods and data sets. However, comparatively low parsimony bootstrap values were calculated for the latter two clusters (55 and 72%). Furthermore, the topology of the Nitrosomonas europaea and Nitrococcus mobilis cluster differed significantly between the 16S rRNA-and AmoA-based trees, demonstrating the limited phylogenetic resolution provided by these biopolymers for highly related organisms. All methods and data sets suggested a grouping of Nitrosomonas oligotropha and Nitrosomonas ureae with the Nitrosomonas marina cluster. The monophyly of the Nitrosomonas communis cluster was supported by the different treeing methods only if a nucleic acid data set including the third codon position was analyzed. Consistent with the 16S rRNA phylogeny, the phylogenetic position of Nitrosomonas cryotolerans varied within the betasubclass AOB dependently on the treeing method and data set used. As for the 16S rRNA, comparative amoA and AmoA sequence analysis does not suggest a bifurcation of the betasubclass AOB into nitrosomonads and nitrosospiras (Fig. 2) .
Comparison of AOB DNA-DNA, 16S rRNA, and amoA-AmoA similarity. By plotting the 16S rRNA sequence similarity versus the DNA-DNA reassociation values for several bacterial species pairs, Stackebrandt and Goebel demonstrated that at 16S rRNA similarity values below 97%, it is unlikely that two organisms have more than 70% DNA similarity and hence that they are related at no more than the species level (66) . We confirmed that the above-mentioned correlation does also apply for beta-subclass AOB species according to published DNA-DNA reassociation values (28, 30, 31, 33, 34, 52) and the 16S rRNA similarities given in Table 3 (Fig. 3A) . DNA similarities of AOB species may be as low as 31% at 16S rRNA similarities of 98.1% (Nitrosomonas marina Nm22 and Nitrosomonas aestuarii Nm36), demonstrating again the superior resolution of DNA-DNA hybridization versus comparative 16S rRNA sequencing for closely related microorganisms.
amoA is increasingly used as phylogenetic marker molecule for molecular diversity inventories of AOB in environmental samples (18, 24, 28, 47, 56, 57, 60, 68 ; see below). These analyses frequently revealed amoA sequences related to but not identical to known AOB species even when the abovepresented amoA data set containing all validly described AOB (18, 19, 23, 24, 56, 57, 60, 68) . The bar indicates 10% estimated sequence divergence. The root was determined by using the AmoA sequences of gamma-subclass AOB. Cloned AmoA sequences with amino acid similarities of Ͼ99% which originated from the same sample are represented by a single clone-the number in parentheses indicates the number of amoA clones for each representative. For each clone, the calculated fragment length in the TaqI-based restriction fragment length polymorphism analysis (24) species was used as a framework (see below). However, it is not possible to estimate whether such an environmental amoA sequence represents a different strain of a described species or whether it originates from a novel species. Correlation plots of amoA and AmoA similarity (Table 4) versus 16S rRNA similarity (Table 3 ) of all possible pairs of beta-subclass AOB species demonstrate that (i) 16S rRNA is more conserved than amoA and (ii) AOB showing below 83.2% amoA nucleic acid similarity (Nitrosospira sp. C128 and Nitrosolobus multiformis) and 89.1% AmoA amino acid similarity (Nitrosomonas communis and Nitrosomonas sp. strain Nm41) do possess less than 97% 16S rRNA similarity ( Fig. 3B and C) . We consequently suggest that environmental amoA sequences with lower than 80% nucleic acid similarity (85% amino acid similarity) to described AOB species are indicative of previously undiscovered species. An amoA or AmoA sequence with a higher similarity to a described AOB species can represent multiple gene copies, different strains of this species, or a novel AOB species. The latter possibility exists since 16S rRNA similarities between different species can be higher than 97% (the value used to define the amoA threshold, see above) (for an example, see reference 13). AmoA sequences from wastewater treatment plants. Betasubclass AOB diversity surveys were performed in 11 nitrifying wastewater treatment samples (Table 2) . amoA PCR products (using the primers amoA-1F and amoA-2R) retrieved from the samples were used for the generation of amoA libraries. A total of 122 clones were randomly selected and sequenced. Phylogenetic analysis demonstrated that all clones contained amoA sequences affiliated to the beta-subclass AOB (Fig. 4) . Nitrosospira-related sequences could be detected only in the municipal and industrial plant Sünching (the latter plant was inoculated with sludge from the former plant during start-up). However, all 11 plants investigated harbored nitrosomonads. b Nucleotide numbers correspond to E. coli numbering (9) . c Each specificity was given by the respective authors when the primers were published. d Shown are the numbers of non-AOB targeted with zero mismatches (0MM) or one mismatch (1MM). Environmental 16S rDNA clones were not included in this analysis.
e D, deletion; I, insertion; N, undetermined base in the target region. f Probe has been demonstrated to be suitable for in situ hybridization. g Corrected sequences were used (77) . h Probe NmIV (52) should be modified as follows: T should be replaced by A at position 1 of the probe sequence to eliminate a mismatch to the target region of Nitrosomonas cryotolerans.
AmoA sequences closely related to those of Nitrosomonas europaea, Nitrosomonas eutropha, Nitrosococcus mobilis, Nitrosomonas communis, Nitrosomonas sp. strain Nm33, Nitrosomonas oligotropha, Nitrosomonas ureae, and the Nitrosomonas marina cluster were detected. No indications for the occurrence of Nitrosomonas sp. strain Nm41, Nitrosomonas cryotolerans, Nitrosomonas halophila, and Nitrosomonas nitrosa in the analyzed wastewater treatment plants could be obtained.
DISCUSSION
In general, the phylogenetic analyses of the completed 16S rRNA AOB data set supported the previously published perception of AOB phylogeny (17, 52, 73) . As expected from DNA-DNA hybridization data (34), the 16S rRNA sequence of Nitrosococcus halophilus groups together with the gammasubclass AOB Nitrosococcus oceani (C-107 T , C-27) and Nitrosococcus sp. strain C-113, which is most probably a strain of Nitrosococcus oceani. The obtained 16S rRNA tree topology of the beta-subclass AOB is overall consistent with the one reported by Pommerening-Röser et al. (52) , who suggested six lines of descent among the beta-subclass nitrosomonads. Based on our analyses, however, we suggest grouping the Nitrosococcus mobilis cluster together with the Nitrosomonas europaea cluster since (i) 16S rRNA similarities between both clusters are comparable to similarities within the other five proposed clusters (Table 3) , (ii) both clusters are monophyletic in all treeing analyses, and (iii) no physiological traits separating members of both clusters are known. These facts were considered to be more decisive than the morphological differences between members of both clusters, which obviously evolved relatively recently. We would like to point out again (52, 73) that a taxonomic revision of Nitrosococcus mobilis is required to express its phylogenetic affiliation with the genus Nitrosomonas.
Based on the completed 16S rRNA sequences of the betasubclass AOB, we reevaluated the specificity of previously published PCR primers and hybridization probes for the direct detection of these organisms in the environment (Table 5) . None of the primers and probes intended to target all betasubclass AOB showed both 100% sensitivity (targeting all beta-subclass AOB) and 100% specificity (excluding all nonbeta-subclass AOB). For general beta-subclass AOB diversity surveys in environmental samples using 16S rDNA libraries (7, 69) or fingerprinting techniques (36, 37) we recommend using PCR primer pairs with high sensitivity [e.g., ␤AMOf and ␤AMOr (43) accepting unwanted amplification of non-AOB 16S rDNA fragments which subsequently have to be identified by phylogenetic analysis or hybridization with probes with excellent specificity (e.g., Nso1225 [48] ). For AOB community composition analysis, using in situ hybridization (e.g., see references 28, 63, and 80), probes with nested specificity (and Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  0, IN  0, 1D  0  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5   Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  0  Ͼ5  Ͼ5  Ͼ5  Ͼ5  4  Ͼ5  5  4  2  2  2  2  2  2  4  3  3 Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  0  0  4  5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5 0  0  0  2  1  0  0  3 D  0  2  1  1  1  1  0  0  0  0  2  1  0  0  3 D  0  2  1  1  1  1  1  2  2  1  1  2  1  0  0  0  0  1  1  1  1   0  0  0  0  3  1  0  1  1  1  2  1  1  1  1  5  5  5  4  3  4  4  2  2  2  2  4  4  4  4  3  3  3  2  3  4  2  3  3  3  3  2  2  2  2  0  0  0  3  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  0  1  0, 1D, 3N  Ͼ5  5  5  5  5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  2  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  1  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5  Ͼ5 (69) suggested a 16S rRNA-based phylogenetic classification scheme for beta-subclass AOB consisting of seven clusters, which has found widespread application (7, 35, 37, 38, 44, 47, 50, 65, 87) . We reevaluated this scheme using the completed and newly obtained 16S rRNA AOB sequences of this study by using different treeing methods and data sets. The overall tree topology was determined by exclusively using sequences with more than 1,000 nucleotides. More partial 16S rRNA sequences were subsequently added without changing the overall tree topology (Fig. 5) . According to Ludwig et al. (41) , this procedure produces more reliable trees than calculating a single tree based on only a few hundred aligned nucleotides (37, 69) . This is also exemplified in several obviously incorrect tree topologies obtained in previous studies in which only a few hundred informative positions of the 16S rRNA were analyzed. For example, in the trees constructed by different authors (44, 47, 53, 69, 82, 87) , Nitrosococcus mobilis does not belong to cluster 7 but is incorrectly assigned to cluster 6 or to Nitrosomonas cryotolerans.
Our phylogenetic analyses demonstrated that Nitrosospira clusters 1 to 4 are supported by some but not by all treeing methods. While cluster 1 is recovered with most methods and data sets, clusters 2, 3, and 4 are less stable. It should also be noted that four Nitrosospira isolates (40KI, GM4, D11, and III2 [76, 77] ) which form an additional and stable cluster (together with five environmental clones) are not yet included in the current scheme (Fig. 5) . Within the nitrosomonads we propose to extend the scheme by the previously excluded Nitrosomonas communis cluster, which thus represents cluster 8. Furthermore, we suggest splitting cluster 6 into clusters 6a and 6b, which are represented by members of the Nitrosomonas oligotropha cluster and the Nitrosomonas marina cluster, respectively (Fig. 5) . Most environmental AOB 16S rRNA sequences retrieved so far belong to Nitrosospira clusters 1 and 3 and to the Nitrosomonas europaea-Nitrosococcus mobilis cluster. However, it should be stressed that the relationships inferred from FIG. 5 . Schematic 16S rRNA-based phylogenetic classification of the beta-subclass AOB. Multifurcations connect branches for which a relative order could not be unambiguously determined by applying different treeing methods. The height of each tetragon represents the number of sequences in the cluster. Due to the presence of many published partial 16S rRNA sequences in the clusters, no meaningful estimate of the sequence diversity within a cluster could be inferred. The cluster designations were adopted from those of Stephen et al. (69) . We suggest including two additional clusters in the scheme (Nitrosospira cluster 0; Nitrosomonas cluster 8). Furthermore, cluster 6 should be subdivided into clusters 6a and 6b (see text). In addition to the 16S rRNA sequences determined in this study, 16S rRNA sequences published by Aakra et al. (1), and T7 (76); for cluster 3, Nitrosospira sp. strains NpAV and Np22-21 (43) and F3, L115, AF, A4, and A16 (1); for cluster 4, Nitrosospira sp. strains Ka3 and Ka4 (2); for cluster 0, Nitrosospira sp. strains III2, D11, GM4, and 40KI (76); for cluster 6, Nitrosomonas sp. strains Nm80, Nm84, and Nm86 (67) and AL212 and JL21 (70); for cluster 7, Nitrosomonas sp. strains GH22 and HPC101 (71), F5 (1), Koll21 (GenBank accession no. AJ224941), and Nm104 and Nm107 (this study); and for cluster 8, Nitrosomonas sp. strains Nm58 (67) and Nm33 and Nm41 (this study).
very short 16S rRNA sequences, even using the "combined" treeing method applied here, are still of low confidence.
Despite the discussed limitations, several interesting observations can be made from the hitherto performed AOB diversity studies. First, within the nitrosomonads, only cluster 5 clearly represents a missing species within the AOB culture collection with sequence similarities of Ͻ96.5% to previously described AOB species (highest similarity was to a 186-bp 16S rRNA fragment of Nitrosomonas sp. strain Nm84 [67] ). In addition, four 340-bp-long molecular wastewater isolates from a reactor with high ammonium level (clones AI-8H, AI-7K, AI-8B1, and AI-9K3 [53] ) might represent a new species within cluster 7 (Ͻ96% sequence similarity to previously described AOB species). Nitrosospira cluster 1, which does not yet contain a cultured isolate, is nevertheless not demonstrative for the existence of a novel Nitrosospira species since all cluster 1 16S rRNA sequences show more than 97% similarity to available Nitrosospira pure cultures. In addition, some environmentally retrieved partial 16S rDNA sequences (the majority of them related to nitrosospiras) cannot be unambiguously assigned to one of the clusters (Fig. 5) . Due to the short sequence lengths, it is difficult to decide whether these sequences represent putative novel AOB species. Second, none of the environmental AOB sequences retrieved so far in the various studies are affiliated with the Nitrosomonas communis cluster (cluster 8), Nitrosomonas halophila, or Nitrosomonas cryotolerans. This might in part be caused by insufficient coverage of these organisms by some of the "AOB-specific" primers used. However, we could detect Nitrosomonas communis and Nitrosomonas sp. strain Nm 33 but not Nitrosomonas halophila and Nitrosomonas cryotolerans in wastewater treatment plants using the amoA approach (see below). Future studies will have to show whether Nitrosomonas halophila and the Nitrosomonas communis and Nitrosomonas cryotolerans clusters are of limited environmental distribution or whether methodological biases cause underestimation of their actual abundance.
The gene encoding the active site subunit of the ammonia monooxygenase (amoA) has increasingly been exploited as a marker molecule for cultivation-independent analyses of ammonia oxidizer diversity. Different sets of PCR primers for the amplification of amoA gene fragments were published (22, 47, 56, 64) . In this study, the primers described by Rotthauwe and coworkers (56) were successfully used to amplify the expected amoA fragment from all beta-subclass AOB analyzed, demonstrating the excellent sensitivity of this PCR assay. For amplification of an amoA fragment of the gamma-subclass AOB Nitrosococcus halophilus, a new PCR primer pair was developed. After completion of the amoA database, phylogeny inference based on the nucleic acid and amino acid amoA-AmoA data sets was, both for the beta-and the gamma-subclasses of AOB, overall consistent with the picture described above derived from the 16S rRNA analysis. It is of importance to note that the amoA sequence of Nitrosococcus sp. strain Nm93 reported in this study is, as expected, almost identical to the amoA sequence of Nitrosococcus mobilis Nc2 (99.6% nucleic acid similarity) while we amplified a Nitrosomonas europaealike amoA sequence from Nitrosococcus sp. strain Nm93 in a previous study (28) . Thus, this strain was most likely contaminated at that time with Nitrosomonas europaea. Furthermore, the amoA sequence of Nitrosococcus oceani (C-107, identical with ATCC 19707 and NCIMB 11848) differs significantly in the publications of Holmes et al. (22) and Alzerecca et al. (4) caused by a misidentification of Methylomicrobium pelagicum as Nitrosococcus oceani in the former publication (now corrected by the authors in a recent update of GenBank accession no. U31652). Consequently, gamma-subclass AOB have a lower level of AmoA similarity (Ͻ75.5%) to type I methanotrophs than previously considered (22) . The separate clustering of gamma-subclass AOB and type I methanotrophs in the AmoA and 16S rRNA trees might reflect their specialization of using either ammonia or methane as preferred substrate. In accordance with this hypothesis, the deduced AmoA sequences of the gamma-subclass AOB do differ in 4 of the 21 signature amino acids of the particulate methane monooxygenase of type I and type II methanotrophs (23) . At one (Nitrosococcus oceani; Nitrosococcus sp. strain C-113) or two (Nitrosococcus halophilus) of these signature positions, the gamma-subclass AOB possess amino acids which are absolutely conserved within the ammonia monooxygenases of beta-subclass AOB, which might indicate that these positions are influencing substrate affinity of the respective monooxygenases.
The completed amoA database was also used to perform a specificity check of the primers published by Sinigalliano et al. (64) and Holmes et al. (22) . Surprisingly, only Nitrosomonas europaea possesses fully complementary target sequences to the Sinigalliano primers. Most likely, the amoA sequences from Nitrosococcus oceani and Nitrosomonas cryotolerans that were amplified by Sinigalliano et al. (64) originated from a contamination with Nitrosomonas europaea and were thus reported to be identical with the amoA sequence of the latter species. The correct amoA sequences of Nitrosococcus oceani and Nitrosomonas cryotolerans were reported by Alzerecca et al. (4) and in this study, respectively. The Holmes primers do target some beta-subclass AOB and gamma-subclass methanotrophs but possess several mismatches with other beta-subclass AOB and all three gamma-subclass AOB in the database (Table 6) . Consequently, conclusions on ecological relevance (19, 20) or diversity of AOB using these primers (57) have to be interpreted with caution.
Comparative sequence analysis of 122 amoA clones obtained from 11 activated-sludge and biofilm samples demonstrated that generally nitrosomonads are responsible for ammonia oxidation in wastewater treatment plants and that nitrosospiras occur only sporadically in these systems. This result is consistent with PCR-independent AOB community structure analysis performed by fluorescent in situ hybridization FISH (28, 81) but disagrees with findings of Hiorns et al. (21) , who could detect nitrosospiras but not nitrosomonads in an activated-sludge plant. The latter finding, however, was most likely caused by the very limited coverage of nitrosomonads by probe Nm75 (Table 5 ). Furthermore, it should be noted that, considering the extended amoA database, the recently developed terminalrestriction fragment length polymorphism (TRFLP) method for identification of major subgroups AOB (24) will not produce meaningful community fingerprint patterns (Fig. 5) .
Using the amoA approach, with the exception of Nitrosomonas cryotolerans, Nitrosomonas halophila, and Nitrosomonas nitrosa, sequences related to all recognized Nitrosomonas species were obtained from wastewater treatment plants (Fig. 4) . amoA sequences related to Nitrosococcus mobilis were detected in six different wastewater treatment plants, including the industrial plant Kraftisried. In a previous study, Juretschko et al. (28) obtained exclusively Nitrosomonas europaea-like amoA sequences from this plant by using the primers described by Sinigalliano et al. (64) while FISH clearly demonstrated the in situ dominance of Nitrosococcus mobilis. This contradiction was caused by the limited sensitivity of the Sinigalliano primers and was able to be resolved in this study. In different plants, several amoA sequences (for example clones S12 and SBBR1-32) which showed only relatively moderate sequence similarities to known beta-subclass AOB species were recovered. Application of the amoA and AmoA similarity threshold values indicative of novel AOB species (obtained by amoA and AmoA 16S rRNA correlation plots) did not support that these sequences represent previously unrecognized nitrosomonads. However, it is important to clarify that while amoA and AmoA similarities below the suggested threshold values are strongly indicative of the existence of novel species, an amoA and AmoA sequence with a similarity to a described AOB species above the threshold level can originate from either a novel species or the described AOB species. This problem could be solved if the respective threshold values were inferred from correlation plots of amoA and AmoA versus DNA-DNA similarity. However, this analysis has to await the availability of more DNA-DNA hybridization data of cultured AOB.
Different wastewater treatment plants obviously differ significantly in regard to species richness of AOB. While some plants are dominated by a single AOB species (e.g., Nitrosococcus mobilis in the Kraftisried plant), other plants harbor at least four different AOB species (e.g., Munich I-Großlappen). A high AOB diversity could increase the resistance of nitrification against perturbation while the presence of a AOB monoculture in a plant might render its nitrification more susceptible.
In conclusion, a robust phylogenetic framework of AOB was established by comparative sequence analysis of all described AOB species based on the 16S rRNA and the amoA marker molecule. Reevaluation of the specificity of published primers and probes developed for the detection of both biopolymers in environmental samples demonstrated, in many cases, insufficient specificity. High-resolution assignment of all published environmentally retrieved 16S rRNA sequences only provided evidence for the existence of two yet undescribed beta-subclass AOB species, suggesting that available AOB isolates might be more representative of the natural diversity within this physiological group than previously thought. A similar picture emerged from an amoA-based diversity survey of AOB in wastewater treatment plants, which demonstrated that most retrieved molecular isolates were closely related to known nitrosomonads. While almost every amoA or 16S rRNA AOB gene library from environmental samples contains many sequences which are not identical to those of cultured AOB, the degree of divergence is, for most of the sequences obtained up to now, insufficient to unequivocally prove the existence of novel AOB species. 
